Abstract. It is shown that many synthetic metals, including high temperature superconductors are "bad metals", with such a poor conductivity that the usual mean-field theory of superconductivity breaks down because of anomalously large classical and quantum fluctuations of the phase of the superconducting order parameter. It is argued that the supression of a first order phase transition (phase separation) by the long-range Coulomb interaction leads to high temperature superconductivity accompanied by static or dynamical charge inhomogeneity. Evidence in support of this picture for high temperature superconductors is described.
Introduction
The past few years have seen a resurgence of interest in the behavior of correlated electron systems. Much of this activity has been directed towards an understanding of high temperature superconductivity, but it also has led to a renewed interest in novel materials in general, especially oxides, heavy-fermion superconductors, Kondo insulators, and synthetic metals such as organic conductors and alkali-doped C60. As a whole, these materials display a wide variety of magnetic and charge-ordering behavior, together with transport properties, ranging from high temperature superconductivity to a giant magnetoresistance, which challenge the foundations of the theory of metals.
The conventional theory of metals is based on the ideas of Fermi liquid theory, which is a semi-phenomenological description of the behavior of a system of interacting fermions in terms of its low-energy excitations: collective modes and quasiparticles. Fermi liquid theory has provided a remarkably successful description of simple metals, liquid 3He, and nucleons in an atomic nucleus, despite the presence of rather strong interactions between the fundamental constituents. The concept of a propagating quasiparticle is valid provided its mean free path is longer than its de Broglie wavelength: l > Xr = 2rc/kr (Ioffe and Regel 1960) .
This condition may not be violated in typical solids, until l is roughly equal to the lattice spacing a. But many novel materials, especially those which are close to a metal-insulator transition, have a rather low carrier concentration and small Fermi wave vector, and the quasiparticle concept may break down even though l/a is relatively large. In conventional metals with strong electron-phonon coupling, the resistivity saturates at a value p, before the Ioffe-Regel condition is violated; in the A15's, for example, (p~ ~ 150#~2 -cm) corresponds to l ~ 2AF.
Many synthetic metals are, in fact, "bad metals" for which a theory based on conventional quasiparticles with reasonably well-defined crystal momenta suf-feting occasional scattering events does not apply, as a number of examples will show. The optical conductivity of a typical organic conductor does not display a Drude peak, the hallmark of a quasiparticle. In the case of Rb3C60, Boltzmann transport theory would imply that the mean free path of a quasiparticle is less than the size of a C60 molecule, and much less than the lattice spacing. The inplane resistivity of a high temperature superconductors such as Lal.ssSr.isCuO4 increases linearly with temperature from Tc up to 900~ where its magnitude is about 0.7 ml2cm, with no sign of saturation. Thus the quasiparticle picture breaks down at high temperature and indeed at all temperatures above To, since the simple temperature dependence of the resistivity indicates a singte mechanism of charge transport. The resistivity of the Lal_,~Ca~MnO3 is metallic but again it violates the Ioffe-Regel condition, attaining an even larger value than in the high temperature superconductors. All in all, a large but metallic resistivity is typical of oxides and synthetic metals in general, and an intrinsic linear temperature dependence is frequently, but not universally, observed. This behavior should be contrasted with that of materials with strong electron-phonon coupling, such as the A15's, which are not bad metals as the term is used here.
A major consequence of the poor conductivity of bad metals is that the long-range part of the Coulomb interaction is poorly screened. This is a characteristic of another group of materials, granular conductors and ultra-thin twodimensional films, which are of considerable interest in their own right, and serve as an interesting counterpoint for bad metals. Granular conductors are close to a metal-insulator transition and they share with the high temperature superconductors the properties of charge inhomogeneity, poor screening, and an enhanced role for superconducting phase fluctuations. In granular conductors, ultra-thin films, and radiation-damaged high temperature superconductors, the effects of poor screening are particularly evident, and the conductivity at Tr must exceed a material-dependent critical value ac in order to overcome the disordering effects of the long-range Coulomb interaction. However, granular conductors and ultra-thin films differ from bad metals in that their resistivity is activated at high temperature.
The anomalous normal state of a bad metal requires that the physics of the superconducting transition be reconsidered. Here we give a summary of the main ideas, and argue that the usual mean field theory breaks down because quantum and classical phase fluctuations may not be neglected, detailed accounts are given BCS-Eliashberg mean-field theory (Schrieffer 1964), which is an extremely good approximation for conventional superconductors, electron pairing and longrange phase coherence occur at the same temperature T MF. There are essentially three types of fluctuations about the BCS ground state which can ultimately destroy the superconducting order: classical phase fluctuations, quantum phase fluctuations, and the effects of all other degrees of freedom which affect the local magnitude of the order parameter.
As described in Sec. 2, the stiffness of the system to classical phase fluctuations is determined by the superfluid density, p, (T); the smaller the superfluid density, the more significant classical phase fluctuations. In bad metals, espe-
